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AN-ALOG S~SI%LTiOzJ OF APOLLO 
BLOCK I CSM Mc,iwAL TKRiJST VECTOR 

COTTTROL FOR NCTROFIKE IN E-ARTH OFYBIT 

An analog simulation of manual t h m s t  vector  cont ro l  (TVC) of t h e  
Apollo Block I Command/Service Module (CSM) se rv ice  propulsion system 
(SPS) f o r  r e t r o f i r e  i n  ea r th  o r b i t  conducted by the Systems Analysis 
Branch i s  here in  described. The mathematical model u t i l i z e d  consis ted 
of t h e  six-degree-of-freedom rigid-body equations of motion of t h e  CSM 
and the  equations of motion of two spring-mass sys-tems (two t r a n s l a t i o n a l  
degrees of freedom each) represent ing f u e l  a i d  oxid izer  s losh  dynamics, 
Manual TVC i s  shown t o  be a f e a s i b l e  a t t i t u d e  con t ro l  mode using e i t h e r  
a proport ional  r a t e  command or d i r e c t  (acce lera t ion)  command system, 
proport ional  r a t e  command being t h e  more p re fe rab le  from the  viewpoints of 
handling q u a l i t y  m-d a. t t i tude cont ro l  accuracy. 

B 

Several manned e a r t h  o r b i t a l  missions of t h e  Apollo CSEl a r e  cur ren t ly  
planned, Ret rof i re  i n  ea r th  o r b i t  to i n i t i a t e  ree-titry f o r  these  missions 
w i l l  be effected by f i rLng the  SM main engine. A t  present ,  t h e  r e t r o f i r e  
rnmeuver cons is t s  of or i en t ing  t h e  vehicle  t o  a spec i f i ed  i n e r t i a l  a t t i -  
tude ( e i t h e r  manually or automatically using t h e  SM RCS), switching t o  the  
SPS automatic V mode, and i g n i t i n g  the  SM main engine. During main 
engine t h r u s t ,  t h e  vehic le  a t t i t u d e  w i l l  be cont ro l led  by gimballing t h e  
engine automatically.  The study described here in  inves t iga ted  t h e  f e a s i b i l i t y  
of a r e t r o f i r e  maneuver backup mode wherein main engine gimballing would be 
e f f ec t ed  manually by t h e  p i l o t .  The object ives  of t h e  study were to: 

a. Determine t h e  f e a s i b i l i t y  of CSM manual t h r u s t  vector  cont ro l  
with and without body r a t e  damping ( t h i s  involves appl ica t ion  of r a t e  com- 
mand or acce lera t ion  command p i l o t  cont ro l  modes). 

b. Determine t h e  v i s u a l  cues necessary f o r  acceptable p i l o t  cont ro l  
of r e t r o f i r e .  

e. Determine t h e  accuracy with which t h e  p i l o t  can e s t a b l i s h  a 
spec i f ied  nV vector under var ious conditions,  such as i n i t i a l  t h r u s t  
vector misalinement o r  i n i t i a l  body angular r a t e s .  
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LIST OF SYMBOLS 

sca l e  f a c t o r  f o r  converting r o t a t i o n a l  hand con t ro l l e r  
p i t c h  o< yaw angles t o  commanded body angular rates 
i n  rate command mode, &g/sec-deg s t i c k  

sca l e  f a c t o r  f o r  converting r o t a t i o n a l  hand con t ro l l e r  
p i t c h  o r  yaw angles to commanded main engine gimbal 
angles i n  d i r e c t  mode, deg/deg s t i c k  

components of accelerat ion due to t h r u s t  and f u e l  
s losh along t h e  X-, Y- and Z-axes respec t ive ly ,  'Mi 

A 

1 f t / s e c  2 

A a  ,.A? , A a  components of acce lera t ion  due t o  t h r u s t  and f u e l  
s losh along t h e  Xo-, Yo- and Z -axes respec t ive ly ,  

0 
ZO 

M1 OM1 M1 f t / s ec2  
XO 

B angular o f f - s e t  of main engine yaw gimbal about 
Z-axis, deg 

.---c- 

f u e l  damping coe f f i c i en t  (2 .T 1 6 i J !  
1 1  

oxidizer  damping coef f ic ien t  ( ,  J , ri f:? 

), l b / f t / s ec  
- -- 5 

c2 . L- (. ) , l b / f t / s ec  

Dx, Dy, Dz components of d i s tance  from main engine gimbal point  
t o  combined center  of mass along the X-, Y- and Z-axes 
respec t ive ly  (pos i t i ve  from gidoal  point  a~.ong pos i t fve  
XYZ-axes) , f t  

components of ex te rna l  force  on M 
along t h e  X-, Y- and Z-axes respect ively,  l b  

(excluding g rav i ty )  1 
I 

hlY h2 depth of f u e l  and oxidizer ,  respec t ive ly ,  i n  tanks,  f t  

moments of i n e r t i a  of M about t h e  X-, Y- and Z-axes 
respec t ive ly ,  s l u g - f t  2 1  

moment of i n e r t i a  of main engine about axis -through 
engine gimbal po in t  p a r a l l e l  to Y - a x i s ,  s l u g - f t  2 

moment of i n e r t i a  of main engine about ax i s  t h r  ugh 
engine glmbal po ic t  p a r a l l e l  t o  Z - a x i s ,  slug-f-i; 2 

spring constant of spring-mass system used t o  repre-  
s en t  f u e l  slosh, l b / f t  K1 
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K2 

K 
P 

J Lx 

l e  

1 , i  , 1  
x2 y2 z2 

1 M 

Me 

m 

m 

m 

1 

2 

f t  

spring constant of spring-mass system used t o  
represent  oxidizer  slosh,  l b / f t  

gain I n  body r a t e  feedback loop of CSM RCS e l ec t ron ic s ,  
deg/d.eg/ see 

r a t e  gain i n  manual TVC system, deg/deg/sec 

gain i n  r o l l  a t t i t u d e  feedback loop of CSM RCS 
e l ec t ron ic s ,  d.eg/d-eg 

gain i n  a t t i t u d e  feedback loop of main engine p i t c h  
gimbal servomechanism, deg/deg 

ga in  i n  rate feedback loop of main engine p i t c h  gimbal 
servomechani s m  , deg/deg/sec 

ga in  i n  a t t i t u d e  feedback loop of main engine yaw 
g imb a1 s e r v  ome ch an i  sm, deg/de g 

gain i n  r a t e  feedback loop of main engine yaw gimbal 
servoxe chanism, d.eg/deg/s ec 

ex te rna l  torques on M about t h e  X-, Y- and Z-axes 
respec t ive ly ,  f t - l b  . 
RCS cont ro l  t0rqu.e on K about X-axis, f t - l b  1 

dis tance  from main engine gimbal point  t o  m a i n  
engine c .g . ;  f t  

components of d i s tance  from main engine gimbal point  
t o  m along X-, Y- and Z-axes respec t ive ly  (pos i t i ve  
from gimbal po in t  along pos i t i ve  XYZ-axes), f t  1 

components of dis tance from main engine gimbal point  , 

t o  m 
from gimbal po in t  along pos i t i ve  X’IZ-axes), f t  

along X-, Y- and Z-axes  r e spec t ive ly  (pos i t i ve  2 

t o t a l  vehic le  mass, excluding m and m slugs 

mass of main engine, s lugs  

1 2’ 

s loshing por t ion  of f u e l  mass, s lugs 

s loshing por t ion  of ox id izer  mass, s lugs 

t o t a l  f u e l  mass i n  tank, s lugs  
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m 
t 0 

P, (3, r 

r r  

S 

1’ 2 

T 

x, Y, z 

(SR - B) 

F 

t o t a l  oxidizer  m 3 s s  i n  tank, s lugs 

components of vehicle  angular v e l o c i t y  about the  
X-, Y- and Z-axes respect ively,  rad/sec 

r a d i i  of f u e l  and oxidizer  tanks respect ively,  ft 

complex var iab le  

t h r u s t  of main engine, lb 

components of v e l o c i t y  of M1 due to externa l  forces  on 14, (excluding. gravity-) along Xo, Yo and Z -axes respect ively,  I 

f t / s e c  0 

vehicle  body axes having o r i g i n  at  center  of mass 
with X-axis p o s i t i v e  through command module nose, 
Y - a x i s  p o s i t i v e  out p i l o t ’ s  r i g h t  a r m ,  Z - a x i s  
completing right-handed system 

i n e r t i a l  a x i s  system having X -axis along desired 
delta-V vector,  Y -axis norma? to o r b i t  plane and 
Z -axis completing right-ha~nded coordinate system. 0 

0 
El 

mmponents of displacement of m r e l a t i v e  t o  M along 
t h e  Y- and Z-axes respecti-vely,’ft 

components of displacement of m r e l a t i v e  to M along 
t h e  Y- axid Z-axes respect ively,  rt 

1 

2-. 1 

Euler angles def ining o r i e n t a t i o n  of XYZ-triad 
r e l a t i v e - t o  X Y Z - t r i a d  ( 0 ,  ‘ti , $ r o t a t i o n  sequence), 

0 0 0  
deg 

main engine p i t c h  gimbal angle, measured p o s i t i v e  
clockwise when viewed along negative Y-axis, deg 

main engine yaw gimbal angle, measured p o s i t i v e  
clockvise when viewed along negative Z-axis, deg 

Root of Bessel funct ion of f i r s t  kind, order ane, 
dimensionless 

f u e l  o r  oxidizer  damping r a t i o  

Pu’ote: A dot over a vtiriable represents  a time r a t e  of change of t h a t  
var iab le .  



DESCRIPTION OF SIMULATION 

Charac ter i s t ics  of Simulated Vehicle 

The vehicle  considered w a s  an Apollo Block I CSM having one f u e l  
tank and one oxidizer  tank empty, t h e  remaining two tanks containing 
12.5% of t h e i r  o r i g i n a l  f u e l  and oxidizer  respec t ive ly .  The physical  
c h a r a c t e r i s t i c s  of t h e  vehicle  a r e  l i s t e d  i n  Table I. 

Equations of Motion 

The six-degree-of-freedom equations of motion of t h e  vehicle  were 
programed on t h e  analog computer. The equations included t h e  e f f e c t s  
of engine i n e r t i a  reac t ion  (tail-wags-dog) and f u e l  and oxidizer  sloshing 
on vehic le  dynamics. 

The equations of motion were derived u t i l i z i n g  t h e  following 

(4) 

(9) 

Formulae 

Constant t o t a l  mass 

Products of i n e r t i a  neglected- 

The damping r a t i o  (.? ) f o r  each s loshing mass assumed. to 
be 0.005 of c r i t i c a l .  

Only t h e  fu-ndaxental sloshing modes s ign i f i can t  ( a l l  
higher modes assumed neg l ig lb l e ) .  

F lu id  i s  non-viscous, incompressible, and i r r o t a t i o n a l .  

Fuel and oxidizer  masses constant (zero r a t e  of change of 
f u e l  or oxidizer  l e v e l  i n  tariks). 

All propel lan ts  s e t t l e d  a t  tank bottoms during a previous 
u l l age  maneuver. 

Tanks are cy l ind r i ca l ,  f l a t  bottomed, and c i r c u l a r  i n  
cross-sect ion.  

Sloshing masses represented by equivalent spr ing mass 
systems. 

presented i n  Table I1 (obtained from reference 1) were 
used to compu.te t h e  propel lant  s loshing parameters. These equations 
were developed from hydrod-ynamic theory by cornparing the  equations of 
motion of a f l u i d  described i n  assumption ( 5 )  above i n  a tank described 
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i n  assumption (8) above t o  t h e  equations of motion of a spr ing mass 
system mounted insid-e a r i g i d  tank.  
s losh to be represented by a. l e s s  complicated mathematical model. 

These parameters permit t h e  f l u i d  

The coaplete system of  equations programed on the  analog conputer 
i s  shown i n  block diagram form i n  f igu re  1. The a x i s  systems employed 
a r e  a l s o  shown i n  f i gu re  1. 

Control System 

At t i tude  about t h e  r o l l  axis w a s  cont ro l led  by t h e  RCS operating 
i n  the  a t t i t u d e  hold mode. At t i tude  cont ro l  i n  p i t c h  and yaw w a s  
e f f ec t ed  manually by means of a r o t a t i o n a l  hand con t ro l l e r  drivifig t h e  
CSM main engine gimbal servomechanisms. The servomechanisms were 
represented by second-order proportiona,l systems having an o v e r a l l  frequency 
of 20 rad/sec with a damying of 0.7 of c r i t i c a l .  The only non l inea r i t i e s  
simulated were l i m i t e r s  on gimbal a.ngles, v e l o c i t i e s ,  and acce lera t ions .  
The p i tch-axis  gimbal t r a v e l  w a s  l imi ted  t o  +6 degrees and t h e  ya,%r-axis 
gimbal t r a v e l  l imi t ed  to +8.5 degrees.  Gimbal rate about both axes w a s  
l imi ted  to +17.19 deg/secand gimbal accelera,t ion about both i~x, 0 s  l imi ted  
t o  +172 deg7sec2. Gimbal ac tua tor  c lutch dynamics and nonlinear gimbal 
rate feedback gains of t he  actu.a.1 vehicle  were not included. 

S inula tor  Cockpit 

The simulator cockpit used ia t h i s  simulation i s  showr, i n  f igu re  2.  
The command as t ronau t ' s  cha i r  i s  a C - 1 1 9  pilot's chai r ,  the  hand con t ro l l e r  
a prototype Gemini ro t a t ion  coctroller hmiing a maxlnurq d? f l ee t i cn  about 
t h e  p i t ch ,  yaw, o r  r o l l  ax is  of +10 degrees. The con t ro l l e r  w a s  spr ing 
loaded to r e tu rn  t o  i t s  n u l l  pos?tion when re leased .  

The p i l o t  d i sp lay  panel shown i n  fLgure 2 included the  following 
instruments : 

FDA1 ( a t t i t u d e  ind ica to r )  

21-inch cathode r ay  tube f o r  simulated landmark (out- the-  
window disp lay)  

Thrust i g n i t i o p  and cutoff  switch 

Mode s e l e c t  switch ( d i r e c t  o r  rate command) 

Band con t ro l l e r  

Clock with sweep second hand 

. 
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TEST FROCEDU2E 

A l l  simulated r e t r o f i r e  maneuvers began with t h e  vehic le  or iented 
such t h a t  the  main engine t h r u s t  vector  (T) was approximately or iented 
along t h e  desired Ti vector .  The i n i t i a l  engine gimbal t r i m  angles 
($& and 8 ~ ~ )  were such t h a t  t h e  t h r u s t  vector  d id  not always poin t  

exact ly  through the  center  of m a s s .  To i n i t i a t e  a run, t h e  p i l o t  pressed 
t h e  t h r u s t  i gn i t i oc  and cutoff but ton on the  d i sp lay  panel t o  i g n i t e  t h e  
main engine and attempted t o  hold the  vehicle  a t  t h e  des i red  a t t i t u d e  by 
observing e i t h e r  t h e  p i t c h  and- yaw a t t i t u d e  e r r o r  needles or t h e  simulated 
landmark and varying t h e  t h r u s t  vector  o r i en ta t ion  by means of t h e  hand 
con t ro l l e r .  After  a spec i f i ed  t i m e  ('obtained from sweep second-hand clock 
on d isp lay  panel ) ,  t'ne p i l o t  terminated t h e  t h r u s t  by again pressing the  
t h r u s t  i g n i t i o n  and cwtoff but ton on t h e  panel. 

P i l o t  performance w a s  measured by comparing t h e  magnitude and 
d i r ec t ion  of t h e  des i red  h V  vector  t o  t h e  magnitude and d i r ec t ion  of t h e  
achieved AV vector .  

RESULTS 

The analog runs i n  t h i s  s tudy were made t o  evaluate  manual capab i l i t y  
to perform an e a r t h  o r b i t  r e t r o f i r e  maneuver us ing  t h e  SPS main engine 
f o r  p i t ch  and yaw a t t i t u d e  cont ro l .  Personnel fro-n the  Astronaut Offlce 
and FCSD par t i c ipa t ed  i n  t'ne simulation. 
t h e  sirnulation were Rei1 Arinstrong, James McDivitt, E l l i o t  See, Edward White, 
and Russel l  Schweickar.t. The FCSD personnel p a r t i c i p a t i n g  were H. E .  Smith 
and J .  F. S t ega l l .  The numerical r e s u l t s  presented i n  t h i s  repor t  were 
obtained from runs made Sy M r .  S t ega l l ,  alzhough t h e  conclusions reached 
from t h e  simulation weye based on t h e  performance of' a l l  of t h e  above 
personnel. P i l o t  performance w a s  evaluated by determining t h e  magnitude of 
t h e  cross-axis  v e l o c i t y  a f t e r  l 5  seconds of t h r u s t i n g ,  corresponding t o  a 
t o t a l  & V  of 435 feet/second imparted t o  t h e  spacecraf t .  
during t h e  s tudy were divided i n t o  four  grups which were to evaluate  p i l o t  
performance: (1) using proport ional  rate command and acce lera t ion  command 
cont ro l  modes f o r  a t t i t u d e  control ,  (2 )  using d i f f e r e n t  con t ro l l e r  sens i -  
t i v i t y  i n  t h e  acce lera t ion  mode, (3) i n  t h e  presence of various i n i t i a l  p i t c h  
and yaw t h r u s t  misalinernent, and ( 4 )  using d i f f e r e n t  v i s u a l  cues. 

Among t h e  astronauts  who " f l e w "  

The runs made 

The i n i t i a l  conditions f o r  t h e  four  grougs of represents t ivk  runs 
a re  contained i n  t a b l e s  111, IV, and V .  Although t h e  i n i t i a l  misaline- 
ments used i n  sone of t h e  runs were considerably g rea t e r  than any l i k e l y  
to occur during an a c t u a l  maneuver, theywere included to obta in  an index 
of p i l o t  capab i l i t y  under worst case conditions.  The r e s u l t s  of this 
study a r e  a l so  contained i n  t a b l e s  191, I V ,  and V as w e l l  as i n  t i m e  
h i s t o r i e s  of s e l ec t ed  parameters f o r  representat . ive runs.  The q u s n t i t i e s  
0,*,  and $ i n  t he  t i m e  h i s t o r i e s  a r e  t h e  vehic le  p i t ch ,  yaw, and r o l l  
Euler angles,  respect ively,  r e l a t i v e  t o  an i n e r t i a l  zxis system having t h e  
Xo-axis along the  des i red  
plane,  and t h e  Zo-axis completing t h e  right-handed'system. The quan t i t i e s  
A V y o  and Vzo a r e  components of ve loc i ty  due to t h r u s t  along the  Yo7 and 
Zo-axes, respect ively.  

vec tor ,  t he  Y o - a x i s  normal to t h e  o r b i t  
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Comparison of Hate and Acceleration Command Modes 

The data of t a b l e  111 indicate  t h e  p i l o t s  were able t o  perform t h e  
r e t r o f i r e  maneuver witlnout excessive cross-axis v e l o c i t y  e r r o r  even i n  
the  presence of severe center-of -gravi ty  t h r u s t  misalinements . The space- 
c r a f t  w a s  always brought under control  i n  t h e  r a t e  command mode, but  t h i s  
w a s  not necessar i ly  t h e  case f o r  t h e  accelerat ion command control  mode. 
However, even though t h e  vehicle  w a s  not always brought completely under 
control  a f t e r  1.5 seconds of t h r u s t i n g  using t h e  accelerat ion command mode, 
t h e  l a r g e s t  cross-axis v e l o c i t y  e r r o r  acqu-ired i n  any of the  runs l i s t e d  
i n  table I11 w a s  only 70 feet/second. The time h i s t o r y  of vehicle  a t t i -  
tude and cross-a.xis v e l o c i t y  components f o r  t h e  r u n  from which t h i s  r e s u l t  
w a s  obtained (Run 50) i s  shown i n  f i g u r e  3. 
the  r e l a t i v e  handling q u a l i t i e s  of t h e  vehicle  i n  the  rate command and 
acce lera t ion  command modes, t h e  time h i s t o r y  of t h e  same q u a n t i t i e s  obtained 
using t h e  rate corrirnand mode f o r  t h e  s a m e - i n i t i a l  conditions (Run 49) i s  
a l s o  included i n  f i g u r e  3 .  As evidenced by the  time h i s t o r y  of 0 and , 
t h e  vehicle  i s  much e a s i e r  t o  cont ro l  i n  t h e  rate command mode. I n  f a c t ,  
as mentioned above, the  vehicle  w a s  not  brought completely under control  
i n  t h e  accelerat ion cormand mode, as again evidenced by the  time h i s t o r y  
of 8 and ‘1’ . Nevertheless, t h e  o s c i l l a t o r y  behavior of these qu.antities 
ind ica tes  t h a t  the  p i l o t  w a s  able  to exercise  modest control  over t h e  
vehicle  f o r  the  required 15 second-s. 

For t h e  purpose of comparing 

E f f e c t  of Varying Hand Controller Sens i t iv i ty  

Another s e r i e s  of runs were made using the  accelerat ion command 
mode t o  determine the  e f f e c t  of varying cont ro l le r  s e n s i t i v i t y  (degrees 
gimbal commaAnded/degree hand c o n t r o l l e r  def lec t ion)  on cross-axis veloc- 
i t i e s  and handling qu-al i t ies  of the vehicle .  The i n i t i a l  conditions, 
cont ro l le r  s e n s i t i v i t y ,  and r e s u l t a n t  cross-axis v e l o c i t y  e r r o r  a f t e r  
15 seconds of t h r u s t i n g  f o r  a group of these  runs are shown i n  t a b l e  I V .  
For each run, t h e  t h r u s t  vector was i n i t i a l l y  misalined one degree i n  both 
p i tch  and yaw with t h e  r o l l  axis i n  an attitud-e-hold mode. The cont ro l le r  
s e n s i t i v i t y  w a s  var ied from 0.4 t o  1.6 deg gimbal/deg s t i c k .  
cross-axis v e l o c i t y  e r r o r  a f t e r  15 seconds of t h r u s t i n g  var ied from zero 
t o  16 f t / s e c  over t h e  range of c o n t r o l l e r  s e n s i t i v i t i e s  investigated,  no 
d e f i n i t e  t rend w a s  es tabl ished;  i . e . ,  t h e  cross-axis  ve loc i ty  e r r o r  d i d  
not increase uniformly with increasing c o n t r o l l e r  s e n s i t i v i t y .  However, 
a d e f i n i t e  t rend w a s  es tabl ished insofar  as handling q u a l i t y  of t h e  
vehicle  w a s  concerned. This i s  i l lustrated i n  f i g u r e s  4 through 7. 
the  maximum p i t c h  and yaw excursions did not increase s i g n i f i c a n t l y  with 
increasing cont ro l le r  s e n s i t i v i t y ,  t h e  engine maximum gimbal pos i t ions  
(5 about p i t c h  ax is ,  5, about yaw a x i s ) ,  veloci t i -es  and accelerat ions 
in9reased s t e a d i l y  with increasing c o n t r o l l e r  s e n s i t i v i t y ,  thus  indicat ing 
an increasing p i l o t  tendency t o  “over-control” t h e  vehicle  as cont ro l le r  
s e n s i t i v i t y  increases .  

While t h e  

Although 
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Effec t  of I n i t i a l  Thrust Misalinements 

The t h i r d  group of runs w a s  made using t h e  accelerat ion command mode 
t o  determine t h e  e f f e c t  of a range of i n i t i a l  t h r u s t  misalinernents on 
cross-axis ve loc i ty  e r r o r .  The i n i t i a l  p i t c h  and yaw th rus t  misalinements 
and r e s u l t a n t  cross - a x i s  ve loc i ty  e r r o r s  a f t e r  1 5  seconds of t h rus t ing  
f o r  a representa t ive  group of runs i n  t h i s  s e r i e s  a re  shown i n  t a b l e  V. 
Thrust misalinements were var ied  from -4.67 to -t-7.33 degrees i n  yaw and 
from -4.83 to 1-5.17 degrees i n  p i t ch .  
r e su l t i ng  ranged from 1 5  to 57 f t / s e c  m i n g  a con t ro l l e r  s e n s i t i v i t y  of 
0.8 deg gimbal/deg of s t i c k  def l ,  ne t ion .  
ve loc i ty  e r r o r  with i n i t i a l  t h r u s t  misalinement i s  apparent from these  
runs.  The cross-axis  ve loc i ty  e r r o r  f o r  these  sho r t  runs depends l a r g e l y  
on the  p i l o t  response to the  i n i t i a l  t r a n s i e n t ;  however, it i s  bel ieved 
t h a t  a s t a t i s t i c a l  ana lys i s  would revea l  a t rend  of increasing e r r o r  with 
increasing i n i t i a l  t h r u s t  misalinement. 
simulation to obta in  s t a t i s t i c a l  data o r  to separate  out learning t rends .  

The cross-axis  ve loc i ty  e r r o r s  

Nc d e f i n i t e  t rend  of cross-axis  

No attempt w a s  made i n  t h e  present 

Ef fec t  of Visual Cues 

A comparison of p i l o t  performance was made f o r  t he  maneuver using 
(1) an FDA1 and ( 2 )  an out-the-window disp lay  f o r  a t t i t u d e  information. 
The equipment used to simulate an out-the-window disp lay  was the  21-inch 
cathode r ay  tube (CRT) shobm i n  f i g u r e  2.  The l i n e  which can be seen 
near t h e  center  of t h e  CRT simulated a landmark on the  surface of t h e  
ea r th .  The s igna l s  used to dr ive  t h e  i.andm8z-k w e r e  the sarie as those 
used to d-rive t h e  at t i tud-e e r r o r  needles or" the  FDA1 ( t h e  p i t c h  and yaw 
Euler angles projected onto bod-y axes ) .  Since tlie,CRT was physicall-y 
l a r g e r  than t h e  FDAI, t h e  reso lu t ion  on t'ne C;IT was considerably b e t t e r .  
In  addi t ion,  t h e  l i n e  simulating t h e  landmark w a s  bel ieved t o  be con- 
s iderably  more d i s t i n c t  on t h e  CRT than an ac tua l  landmark as viewed from 
t h e  spacecraf t  would appear because of clouds, other  ob jec ts  i n  the  
v i c i n i t y  of  t he  landmark, e t c .  For these reasons t h e  da ta  obtained using 
the  simulated landmark f o r  a t t i t u d e  reference a r e  considered to be 
questionable i n  v a l i d i t y  and a re  not presented i n  t h i s  repor t .  

CONCLUSIONS 

Based on t he  ana lys i s  of t he  da t a  obtained. from t h i s  study, t h e  
following conclusions can be made: 

a. Manual t h r u s t  vector  cont ro l  of t h e  Apollo Block 1 CSM 
f o r  a r e t r o f i r e  maneuver i s  f e a s i b l e .  

b. The r a t e  command mode i s  preferab le  to t h e  acce lera t ion  
command mode, although e i t h e r  mode i s  acceptable.  
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TABLE I 

Con s t an t s 

Quantity Valve 

2 rad /  see-ra8 stick A1 
-0.4 - L 6  rad/rad s t i&  A2 

B 4 deg 

. 0.7154 

1.483 c2 

Dx 

D 
Y 

Z 
D 

X 
I 

1 Y 

z I 

KFi 

K. 
'r 

9.17 ft 

.533 ft 

.133 ft 

13,500 Slug-ft 2 

45) 500 slug-ft 2 

45 500 slug-ft 2 

1 rad/rad 

28 rad/sec 

2 2  400 rad / s e e  

28 rad/sec 



K 
'r 

K* 

Kr . 

5. 

K2 

LX 

Ix -Dx 

Y1 Y 

j 

1 

1 -D 

1 -D 
1 z z  

IX IDx 

y2 

2 

1 -D 

1 -D 
2 z z  

"ele 

1 m 

2 m 

?I. 

=Y 

IZ 

T o  

e h.p. 

e h.p. 

(Table I - continued) 

2 2  400 rad /set 

0.25 ra$/rad/sec 

1 . 5  ra.d/rzd/sec 

382 lb,/ft 

743 lb/ft 

1282 ft-lb 

-7.7 ft 

-1.93 ft 

3.96 ft 

-7.75 f t  

3.4 ft 
. 

2.8 ft 

33.3 slug-ft 

13.4 slugs 

29.6 slugs 

752 slxgs 

21,900 lb 



"2 = 

k =  2 

TABLE I1 

P r o p e l l a n t  Slashing Parameters 



TABLE 111 

*Comparison of Rate Command and Accelera t im Commkd MoGes i n  p i t c h  and Paw f o r  

Various I n i t i a l  R o l l  Rates m d  Thrust Misclignments* 

Ruzl 
XO . 

39 
40 
41 
42 
43 
44 
47 
48 
49 
50 
52 
53 
54 
55 
56 
57 
58 
59 

Control Mode, 
Pi tch m d  Yaw 

Axes 

Rate Command 

Accel.Command 

Rate Comw-d 

Accel. Command 

Rate Command 

Accel. Command 

Rate Command 

Accel. Command 

Rate Command 

Accel. Command 

Rate Cornrnand 

Accel. Cormand 

Rate Command 

Accel. Command 

Rate Command 

Accel. Command 

Rate Command 

Accel. Cormnand 

kltr01 Mode 
Roll  Axis 

Uncontrolled 
l l  

I t  

I I  

l l  

I1 

I 1  

I I  

I t  

I 1  

I 1  

1 1  

I I  

I I  

II 

t I  

I I  

l l  

Thrust 
l isal ign-  

meat 
Taw Axis 

( Deg ) 

0 
I t  

I1 

11 

I 1  

11 

7.8 
1 1  

I 1  

I t  

1 1  

11 

I I  

l l  

11 

I I  

l l  

I t  

rn i h r u s t  
4 i  s a1 ign- 

ment 
P i t c h  

Axis 

( D e d  

0 
I I  

11 

I I  

11  

l l  

1 1  

1 1  

I I  

t l  

11  

1 1  

3.2 
I I  

t l  

11 

I I  

I f  

Cnitial 
Roll  

Rate 

See) 
(m/ 

1 
11 

5 
l l  

10 
I t  

1 
I I  

5 
11 

10 
I I  

1 
11 

5 
l l  

10 
1 1  

Re su l - tx l t  
Cro s s -hi s 

Velocity 
Error  a f t e r  
i5 see of 
Thrusting 

( f t / s e c )  

30 
40 
20 

30 
0 

10 

40 
30 
30 

70 
0 

10 

40 
50 
30 
50 
0 

20 

*(1) Vehicle i s  i n i t i a l l y  or iented i n  desired d i r e c t t o n  f o r  r e t r o f i r e  maneuver 
with zero p i t c h  and yait; r a t e .  

mand mode and 0.6 (deg gimbal)/(deg s t i c k )  i n  p i t c h  and 1.25 (deg gimbal)/ 
(deg s t i c k )  i n  yaw i n  accelerat ion command mode. 

(2 )  P i t c h  and Yarrr cont ro l le r  s e n s i t i v i t y  i s  1.72 (deg/sec)/(d-eg s t i c k )  i n  r a t e  com- 
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Effec t  of Cont ro l le r  S e n s i t i v i t y  on Cross-Axis Velocity Errors  i n  Acceleration 
Command Mode+ 

Run 
no. 

200 

201 

202 

203 

204 

235 

206 

207 

208 

209 

2 10 

211 

212 

213 

2 14 

215 

216 

217 

2 18 

219 - 

Control Mode 
Roll Axis 

ThlTlSt 
Misalignment, 

Yaw Axis 
(Deg) 

*Vehicle i s  i n i t i a l l y  or ien ted  i n  
with zero angu-lar r a t e .  

Thms t 
disalignment , 
Pi tch  Axis 

( De63 ) 

: s i red  d i r e c t  

Control ler  
S e n s i t i v i t y  

Ti tch & Yaw 
Axe s 

Deg Gimbal/ 
Deg S t i c k )  

0.4 
11 

11 

11 

0.8 

11 

b 

I1 

11 

1.2 

11 

I1  

I f  

1.6 
11 

11 

11 

11 

3n for retrof 

Re sult ant 
Cross -Axis 
Veloci ty  
Error  After  
1 5  See of 

Thrusting (ft /sec:  

5 

8 

4 

2 

5 

1 

5 

8 

7 

13 

16 

16 

9 

5 

1.5 

10 

re maneuver 



TABU? V 

Effec t  of Thmst  Misalignment on Cross-Axis Veloci ty  Errors  i n  Acceleration 
CommanSl Mode* 

,Run 
No. 

220 

222 

223 

224 

22 5 
226 

230 

231 

232 

233 

234 

235 

236 

237 

238 

*Veh 

Control Mode 
R o l l  Axis 

__. - 
Att i tude  Hold 

11 

I1  

I1 

I I  

11 

I1 

11 

I1 

I1 

11 

I1 

i l  

11 

I t  

-I 

l e  i s  i n i t i a l  
with zero ai?gCLar 

,Thrust 
I i  salignment , 
Yaw Axis 
0%) 

1.33 

3.33 

5.33 

-2.67 

5.33 

-4.67 

3.33 

1-33 

7-33 

3 933 

1-33 

-4.67 

-4.67 

1.33 

-2.67 

,Thrust 
Misalignment, 

P i t ch  fhis 
'(W) 

5.17 

3.17 

1.17 

1.17 

3 017 

1.17 

-4.83 

-2.83 

-4.93 

-2.83 

-4.83 

-2.83 

-4 -83 

-2.83 

-4.83 

Control ler  
Sens i t i v i ty ,  
P i t ch  & Yaw 

Axes 
:Deg Gimbal/ 
Deg S t i ck )  

0.8 
I f  

11 

1 1  

11 

1 1  

ti 

11 

11 

11 

I1 

Resultant 
Cross -Axis 
V e l 0  c it y 
e r r o r  after 
1 5  sec of 
Thrusting 
( ft/ see)  

40 

18 

20 

.40 

22 

25 

48 

18 

57 

15 

18 

54 

47 

17 

46 

r or ien ted  i n  t h e  des i red  d i r ec t ion  f o r  r e t r o f i r e  maneuver 
t te e 
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(a) Rate Command (b)  Acceleration Command 

Figure 3 :  Comparison between r a t e  coi-nmand a n d  accelerat ion 
command modes f o r  t y p i c a l  r e t r o f i r e  maneuver 
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(a-) Vehicle Dynamics 
~- .p 

(b)  Servo Dynamics 

i G n Figure 5: Typical t i m e  h i s t o r y  of vehicle  arid. servo dynamics using accelera-  
tion command r0od.e with s t i c k  aK?horit,y of 0 - 8  deg ~,Fmhal/d.eg s t i ck .  
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(b)  Servo Dynamics 

Figure 6: Typical t i m e  h i s t o r y  of vehicle and servo dynamics using accelera- 
t i o n  command. mode x , r i t h  s t i c k  autklC)-rity o f  1 . 2  des gimballdee; stick. 
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(a) Vehicle Dynamics (b) Servo Dynamics 
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